SUMMARY The specificity and significance of the asymmetric septal hypertrophy (ASH) and myocardial fiber disarray of idiopathic hypertrophic subaortic stenosis (IHSS) is uncertain. To examine this we studied 215 hearts, including normal embryos, fetuses, children, and adults; and hearts with congenital and acquired disease. Disproportionate septal thickening was present in all embryos and in some abnormal hearts, particularly those with severe right ventricular hypertrophy due to congenital malformations. Some myocardial fiber disarray was present in all hearts at the junctions of in-THE SPECIFICITY AND SIGNIFICANCE of the morphologic hallmarks of hypertrophic cardiomyopathy, namely, asymmetric septal hypertrophy (ASH) and a disorganized myocardial cell pattern," is uncertain. Although ASH and extensive myocardial fiber disarray are believed to be virtually pathognomonic of hypertrophic myocardiopathy,5 B we have recently studied patients with aortic and pulmonic atresia and found extensive myocardial fiber disarray and some asymmetric septal hypertrophy similar to that seen in the septum in hypertrophic disease.7 Echocardiographic studies have also demonstrated the presence of ASH in conditions other than hypertrophic myocardiopathies,8' 9 and a number of morphologic studies have observed it in selected congenital cardiac malformations.'0 To determine some of the circumstances under which both ASH and myocardial fiber disarray may develop, we systematically examined normal and developing hearts which spanned a large size range and selected groups of hearts with congenital malformations or other diseases. The results of this study indicate that neither ASH nor myocardial fiber disarray are specific for any myocardial disease.
THE SPECIFICITY AND SIGNIFICANCE of the morphologic hallmarks of hypertrophic cardiomyopathy, namely, asymmetric septal hypertrophy (ASH) and a disorganized myocardial cell pattern," is uncertain. Although ASH and extensive myocardial fiber disarray are believed to be virtually pathognomonic of hypertrophic myocardiopathy,5 B we have recently studied patients with aortic and pulmonic atresia and found extensive myocardial fiber disarray and some asymmetric septal hypertrophy similar to that seen in the septum in hypertrophic disease.7 Echocardiographic studies have also demonstrated the presence of ASH in conditions other than hypertrophic myocardiopathies,8' 9 and a number of morphologic studies have observed it in selected congenital cardiac malformations.'0 To determine some of the circumstances under which both ASH and myocardial fiber disarray may develop, we systematically examined normal and developing hearts which spanned a large size range and selected groups of hearts with congenital malformations or other diseases. The results of this study indicate that neither ASH nor myocardial fiber disarray are specific for any myocardial disease.
Materials and Methods
Observations were made on normal hearts which spanned an approximately million-fold range of sizes. The 77 normal hearts studied included six human embryos of stages 14, 16, 18, 19, 20 , and 21; and 3 early fetuses ranging from 34 to 45 mm crown-rump length. The nine embryos and early fetuses were serially sectioned in a transverse plane. The details of preparation, staining, and staging of these specimens has been given elsewhere." The heart weight for this group was terventricular septum and ventricular free wall. In hearts with semilunar valve atresia with intact ventricular septums, and in the infundibulum of some with tetralogy of Fallot, however, extensive fiber disarray was present. Thus, ASH occurs in the normal developing heart and in some malformed hearts with RVH; marked muscle fiber disarray may occur in certain congenital lesions with abnormal systolic contraction. Neither morphologic finding independently or in combination is pathognomonic of idiopathic hypertrophic subaortic stenosis.
estimated from the dimensions of the heart as seen on the sections. The outer dimensions of the heart and its wall thickness were measured on the slides and the volume of the heart calculated by considering it to be a prolate spheroid and subtracting chamber volume."2 Heart weight was determined by considering myocardial specific gravity to be unity." The 33 normal hearts of late fetuses, infants, and children were weighed, examined, and sectioned either transversely or in the axis perpendicular to the septum. Histologic sections were prepared from the free walls of both ventricles and the interventricular septum.
Hearts from adult patients in the autopsy files of The Johns Hopkins Hospital which had been studied following coronary arteriography and fixation in distention'2 were included in this study if they had normal coronary arteries and their myocardium free of gross evidence of necrosis, fibrosis, or other infiltrative lesions. The specimens, sets of stereoscopic radiographs of the intact heart and its transverse sections and histologic sections of the three areas of ventricular wall were reviewed. Measurements were made of thickness of mid left and right ventricular wall and interventricular septum at the plane of maximum left ventricular diameter. The measurement included trabeculae carneae which are a component of the ventricular wall, but papillary muscle was excluded. When the septal band of the crista supraventricularis was identifiable as a distinct structure it was excluded from measurement of septal thickness. Histologic sections were reviewed for myocardial pattern and evidence of disarray. Disarray was graded on a scale of 0-4+ compared to normal hearts, with "0" meaning normal fiber array and 4+, severe disarray, similar to that observed in the septum in hypertrophic cardiomyopathy.4
Selection of Hearts 1) Fetuses, embryos and normal children. All 17 early fetuses and embryos that were available were studied. Normal hearts of 25 children who died because of noncardiac disease were selected for study if the intact whole heart was available for review.
2) Congenital malformations. 3) Adult hearts. Of the 900 injected hearts, 126 fit the criteria of the study listed above. They included 35 normal hearts, 27 with left ventricular hypertrophy without dilatation (due to aortic stenosis or systemic hypertension), 24 with right ventricular hypertrophy (due to pulmonary disease), and 40 with biventricular dilatation (idiopathic or due to valvular incompetence).
Results

Normal Hearts
Results of study of the 77 normal hearts are shown in table 1. The developing hearts of the six embryos all showed an asymmetrically thickened interventricular septum, averaging almost twice that of the right and left ventricular free wall ( fig. 1 ). At this early stage in development of the heart the septum appears to have formed from an infolding of the apex of the primitive single chambered structure ( fig.  2 ). With the infolding, the right and left ventricular cavities are formed and initially the free wall of both ventricles are nearly equal in thickness and approximately one-half the thickness of the newly formed interventricular septum.
Later on in fetal life the septum and left ventricular free wall approached similar thicknesses but in eight of the 11 (73%) fetuses asymmetric septal thickening of some degree persisted. Ventricular shape in the infants and children showed an average ratio of interventricular septum to free wall of 1.0 ± 0.14, with only three (12%) hearts showing any degree of disproportionate septal thickening. None of the 35 normal adult hearts showed ASH and the mean ratio of sep-2.3- Cardiac muscle cell orientation in the normal showed a similar pattern in the embryonic, fetal, child, and adult hearts. The major portion of both ventricular walls and the midportion of the interventricular septum had an orderly parallel arrangement of cells associated with intramural vessels. The trabeculae carneae have a less orderly arrangement compared to the compact portion of the ventricular wall and the right ventricle has more divergence of direction between adjacent fibers than is seen in the left. At the junctions of septum and free walls in the anterior and posterior interventricular septum and in the area of the junction of the infundibular portion of the right ventricle with the remainder of the right ventricle, a pattern of interlacing muscle cells is consistently found (fig. 3 ). This disorganization may also involve the intracellular myofibrils. Variations in the plane of the histologic section may also produce apparent variations in the degree of disarray. This is seen particularly at the apex of the heart where the two apical vortices interlace in their septal portion.
Congenital Malformations
Results of the study of the 47 congenitally malformed hearts are shown in table 2.
Left Heart Abnormalities
In the left heart syndromes, hearts with aortic atresia without a ventricular septal defect (VSD) and mitral atresia with a VSD, the left ventricular chambers were formed although in the former the hearts had small cavities. In these malformations left ventricular thickness was consistently greater than that of right ventricle, and in all but two hearts, of the interventricular septum. In the six hearts with combined aortic and mitral atresia a functional single ventricle with no distinct interventricular septum was formed and right and left ventricular walls were of near equal thickness.
Histologic examination of the myocardium in these syndromes showed marked differences among the three left heart syndromes. In the hearts with aortic atresia and intact ventricular septums, marked myocardial fiber disarray was present as has been reported elsewhere.7 The disorganization involved the interventricular septum in each of the 15 hearts ( fig. 4 ) and in 14 the left ventricular free wall as well. In the hearts with aortic and mitral atresia without discrete anatomic left ventricular chambers (but with "left ventricular" wall pumping a full blood volume) the ventricular myocardium also had a normally arranged cell pattern. There was no fiber disarray in the right or left ventricular portion of the heart or in what was a rudimentary septum.
Similarly in the hearts with mitral atresia and a VSD in which the left ventricle was a fully developed chamber pumping a full blood volume, myocardial fiber orientation was normal.
Right Heart Abnormalities
In each of the 23 In the 13 hearts with tetralogy of Fallot myocardial fiber orientation was orderly in the left ventricles and in most of right ventricle and interventricular septum. In the infundibular portion of interventricular septum ( fig. 5 ) and right ventricular free wall of six (46%) of these hearts there was myocardial fiber disorganization, and in five of the six it was marked.
Abnormal Adult Hearts
Results of the study of the 91 abnormal adult hearts are summarized in table 3. In all hearts the right ventricle was thinner than interventricular septum or left ventricular free wall, and the mean interventricular septal thickness was equal to or slightly thinner than left ventricular free wall with a mean septal to left ventricular free wall ratio for the entire group of 0.96. The ratio of interventricular septum to left ventricular free wall was slightly greater than 1.0 (> 1.0 < 1.3) in two (8%) patients with right ventricular hypertrophy, in three (8%) with biventricular dilatation, and in none of the hearts with left ventricular hypertrophy. None of the adult abnormal hearts had septal to LV free wall ratios of equal to or greater than 1.3. Histologic examination of the myocardium from the hearts with left and right ventricular hypertrophy and biventricular dilatation showed no deviation in muscle fiber orientation from the pattern of myocardial fibers seen in the normal control hearts.
Discussion
The results of this study indicate that asymmetric septal hypertrophy and myocardial fiber disarray may be present in developing normal and malformed hearts. From the study of myocardial structure in these assorted conditions certain patterns begin to emerge with regard to the specific conditions under which these two morphologic features occur.
Our morphologic studies on normal hearts appear to indicate that asymmetric septal hypertrophy is a feature of the normal embryonic human heart, and is commonly present in the normal fetus and newborn. As the normal heart develops the interventricular septum approaches the left ventricular free wall in dimension and, in fact, is generally slightly thinner than free wall. Asymmetric septal hypertrophy of a significant degree, i.e., ratio of septum to free wall > 1.3, was evident in congenital malformations associated with marked right ventricular hypertrophy and mostly in those in which right ventricular free wall exceeded left ventricular free wall in thickness. Some adult hearts with acquired right ventricular hypertrophy had a mild degree of ASH but none had a ratio of septum to free wall equal to or greater than 1.3. Echocardiographic studies have also documented asymmetric septal hypertrophy in some newborns8 and in some patients with primary pulmonary hypertension,9 also supporting the nonspecificity of this finding.
In none of the congenital malformations associated with left heart maldevelopment, and in none of the adult hearts with left ventricular hypertrophy due to left ventricular pressure overload was the ratio of septum to free wall > 1.3. Similarly at least two other studies of randomly selected adult human hearts have failed to find asymmetric septal hypertrophy.15' 14 Thus, significant asymmetric septal hypertrophy in the adult heart, although not pathognomonic of IHSS, appears to be an infrequent finding. Accordingly, in the proper clinical setting asymmetric septal hypertrophy is a valuable diagnostic clue to the presence of IHSS, particularly since ASH may be detected noninvasively by a variety of methods. '5" Although the explanation for ASH is not evident, ASH in patients described here can be explained by properties of the given heart associated with septal disproportion. In the developing embryonic heart the septum appears to form from an invagination of the apex of the primitive single chambered heart at about stage 14 in development. As an infolding, the septum is initially twice the thickness as either right or left ventricular wall, and the latter two structures are initially of equal thickness ( fig. 2) . During subsequent dvelopment of the heart, the workload of the two ventricular chambers becomes less equal, and the left ventricle becomes the dominant chamber in terms of energy expenditure.'9 It appears that with the remodeling during cardiogenesis the interventricular septum becomes a predominantly left ventricular structure in terms of its configuration and dimension. In congenital malformations of the heart in which the right ventricle persists as a dominant or codominant chamber in terms of workload (and the interventricular septum possibly becomes less of a left ventricular structure), the interventricular septum was frequently thicker than left ventricular free wall. Although others suggest it may occur,9 in this study in adult-acquired right ventricular hypertrophy, ASH never developed to the degree present in those hearts in which right ventricular hypertrophy was present from early development. Remodeling of the adult heart to allow for the development of significant ASH may not be possible.
Disorganization of myocardial fibers of the type seen in the septum and at times free wall in IHSS was present in hearts under a variety of conditions. In the normal and in adult hearts with acquired heart disease small areas of fiber disarray were virtually always present, especially in the anterior and posterior portion of the interventricular septum. We have also observed small foci of disarray on the borders of myocardial infarcts in humans. Others have reported similar findings in experimental myocardial infarction.20 A marked degree of fiber disorganization involving large portions of ventricular myocardium was present, however, in the affected ventricles associated with aortic or pulmonic atresia with intact ventricular septums as reported previously,7 and in the infundibulum of several of the hearts with tetralogy of Fallot studied by us and others.21 Abnormal myocardial fiber disarray was not present in the developing embryo or fetus despite the presence of disproportionate septal enlargement; and such fiber disarray was not present in hearts with mitral atresia and ventricular septal defects, or in combined aortic atresia and mitral atresia. Thus, outflow tract or valvular atresia were not essential accompanying features of the development of disorganized muscle. Myocardial fiber disarray was also not present in any of the 91 abnormal adult hearts including those with aortic stenosis. Why marked myocardial fiber disarray is present in the hypertrophied ventricles with small cavities in outflow tract atresia, the infundibulum in some hearts with tetralogy of Fallot and in hearts with IHSS is not clear. We have previously suggested that fiber disorganization may reflect blunting or loss of direction-oriented wall stresses due to the isometric contraction associated with systolic cavity obliteration7 ongoing during cardiogenesis. It is also possible that the fiber disarray is a reflection of a primary genetic abnormality5 but this would necessitate the occurrence of an additional independent malformation of cardiac development in these various disorders.
Asymmetric septal hypertrophy and myocardial fiber disarray have been shown to be important morphologic features of hypertrophic cardiomyopathy, a well-established hereditary condition.9 22 It is not clear that these morphologic features of hypertrophic cardiomyopathy are a 298 CIRCULATION primary abnormality that lead to the functional derangements in IHSS, including the outflow tract gradient, the cavity obliteration, and the hypertrophy of the left ventricular free wall. Our review of normal, developing, and malformed hearts indicates that asymmetric septal hypertrophy and myocardial fiber disarray are normally present and may be present in conditions other than IHSS; thus, neither finding nor the presence of both in the same case could be pathognomonic of hypertrophic cardiomyopathy.
